INTRODUCTION
The polyamines, spermidine, spermine, and their precursor putrescine, are aliphatic polycations present ubiquitously in all cells. Although their absolute requirement in the process of cellular proliferation is well documented [1, 2] , their explicit role in this process, and in other cellular functions, is still mostly unknown. The intracellular concentration of polyamines is highly regulated by the modulation of enzymes involved in their synthesis and catabolism [2] and by yet mostly unknown machinery that regulates polyamine transport across the plasma membrane. Concerted action of the synthesizing and catabolic enzymes is extremely important for maintaining the optimal polyamine concentration that is required for basic cellular functions and viability.
In the past few years it has become apparent that polyamines are also involved in the process of apoptosis. Excessive intracellular accumulation of putrescine, as a result of increased uptake from the medium or due to increased intracellular synthesis, provokes apoptosis [3] [4] [5] . Polyamines were also implicated in mediating apoptotic death provoked by other agents such as c-myc [6] , 2-deoxy-D-ribose [7] , TNF or ␣-Fas [8] , and hepatocyte growth factor [9] .
The exact sites at which the polyamines interact with the apoptotic signals/cascade are currently unclear. However, there are some observations that may shed light on their role in this process. Polyamines were demonstrated to block and modulate several types of ion channels. In rat ascites hepatoma cells, exogenous putrescine induces an increase in their intracellular Ca 2ϩ level [10] . In contrast, in CD4 but not in CD8 T-cells, putrescine inhibits concavalin-A-induced Ca 2ϩ influx [11] , demonstrating that the effect of polyamine can be cell dependent. In Neurospora crassa, the toxicity of excessive putrescine correlated with decreased intracellular K ϩ [12] , whereas in Anacystis nidulans putrescine toxicity was suggested to result from inhibition in protein synthesis activity [13] . Induction of apoptosis in hepatoma cells that overproduce ODC and accumulate putrescine was attributed to inhibition of eIF-5A modification with hypusine [5] . In a previous work we have demonstrated that inhibition of translation is not likely to be the direct trigger of the apoptotic death of mouse myeloma due to the accumulation of putrescine [3] . Oxidative damage to DNA and proteins can trigger apoptosis and polyamines can exert dual and opposing roles in this process. Spermine, which is normally present in millimolar concentrations in the nucleus, can function as a free radical scavenger [14] . On the other hand, catabolism of polyamines produces H 2 O 2 , suggesting that the in-duced apoptosis may be, at least in part, a result of oxidative stress. Indeed, apoptosis that was triggered by polyamine analogs in CHO and in human nonsmall-cell lung carcinoma cell lines was reported to be associated with oxidation of the analogs [15, 16] . In contrast, spermine-triggered apoptosis in HL60 cells was not mediated by oxidative mechanism [17] . Here we provide data suggesting that intracellular accumulation of putrescine generates oxidative stress that stimulates the release of cytochrome c from the mitochondria and activates caspases cascades, leading eventually to apoptotic cell death. The intracellular Ca 2ϩ chelator BAPTA-AM inhibited the putrescine-induced cell death but elevation in free Ca 2ϩ was not observed.
MATERIALS AND METHODS
Cells and culture conditions. The mouse myeloma ODC overproducing cell line, 653-1 [18] , was maintained at 37°C and 9% CO 2 in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (Sigma) and 20 mM 2-difluoromethylornithine (DFMO). In order to reveal the activity of the overexpressed ODC the cells were transferred to a medium lacking DFMO for 7 days prior to experiments being performed.
Materials. Ornithine, spermine, spermidine, putrescine, cycloheximide (CHX), butylated hydroxyanisole (BHA), dansyl chloride, ryanodine, and EGTA were from Sigma. 1,2-bis(o-Aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid tetra(acetoxymethyl) ester (BAPTA/AM) was from Calbiochem. The general caspases inhibitor Boc-Asp-Fmk (BD-fmk) was purchased from Enzyme Systems Products. Thapsigargin (TG) was from Alomone Labs and DFMO was from Ilex Oncology, Inc. Monoclonal antibody recognizing the carboxyl-terminal portion of mouse polyA-ribose polymerase (PARP) (c-2-10) was from BioMol. Polyclonal antibodies recognizing the carboxyl-terminal portion of mouse Nadd2 (C20) was from Santa Cruz Biotechnology. Monoclonal antibody against mouse cytochrome c (7H8.2C12) was from PharMingen and the monoclonal antibody against ␤-tubulin (TUB2.1) was from Sigma. Antibodies to eIF4G were raised by us in rabbits against proteins produced in Escherichia coli.
Assays for determination of cell death and apoptosis. Cells were treated as described for the individual experiments. Cell viability was determined by the trypan blue exclusion test. The percentage of viability was determined by comparing the number of viable cells in treated and untreated cultures. DNA fragmentation was determined by isolating DNA from treated and untreated cells. Briefly, 653-1 cells from 90-mm plates were washed once with ice-cold phosphatebuffered saline (PBS) and resuspended in 0.5 ml of lysis buffer (10 mM Tris, pH 8.0, 0.6% SDS, and 10 mM EDTA, pH7.0). A total of 7.5 l of 2 mg/ml RNAse-A (Sigma) was added and the extract was incubated for 20 min at 37°C. NaCl was added to a final concentration of 1 M and the extract was incubated at 4°C for 12 h. The extract was centrifuged at 14,000g for 30 min at 4°C, and the supernatant was transferred to a fresh tube, extracted with phenol/chloroform, and precipitated with ethanol. Equal portions of DNA were electrophoresed in a 1.5% agarose gel, stained with ethidium bromide, and visualized by illuminating the gel with UV light.
Determination of polyamine content. The content of polyamines was determined essentially as described by Seiler [19] . In brief, cells were collected by centrifugation and resuspended in 500 l of PBS and perchloric acid was added to a final concentration of 3%. Insoluble material was removed by centrifugation for 5 min in an Eppendorf centrifuge and 400 l of dansyl chloride (from a 30 mg/ml stock prepared in acetone) was mixed with a 200-l portion of the supernatant. Following the addition of 20 mg of sodium carbonate, the mixture was incubated in the dark. After 12 h of incubation, 100 l of proline (from a 100 mg/ml stock) was added and the mixture was incubated for an additional hour. Dansylated derivatives were then extracted into 0.5 ml of toluene. Fifty-to 100-l portions were spotted on silica G-50 plates (Merck) and the dansylated derivatives were resolved using ethyl acetate/cyclohexane (2:3) as a solvent, with dansylated derivatives of known polyamines serving as markers. The polyamines were visualized by UV illumination.
Western blot analysis. The 653-1 cells were harvested, washed with cold PBS, and lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.2, 0.5% NP-40, 1% Triton X-100, 1% sodium deoxycholate). Samples containing equal amounts of protein were fractionated by SDS-PAGE and blotted onto a nitrocellulose membrane. Blots were probed with the indicated antibodies that were then detected using the Enhanced Chemiluminescence system (Pierce).
Determination of cytochrome c release to the cytosol. The release of cytochrome c from the mitochondria into the cytosol was examined by subfractionation of cellular extracts as described [20] . The 653-1 cells were treated as indicated and harvested by centrifugation at 300g for 5 min at 4°C. The cells were washed once with ice-cold PBS and resuspended in buffer A (20 mM Hepes-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl 2, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 250 mM sucrose, and protease inhibitors (Cocktail, Boehringer Mannheim)). Cells were broken by 15 strokes with an Eppendorf plastic homogenizer and the homogenates were centrifuged at 750g for 10 min at 4°C to remove nuclei and unbroken cells. The supernatant was centrifuged at 16,000g for 30 min at 4°C to remove mitochondria and the final supernatant was used as the cytosolic fraction in Western blot analysis.
Measurement of Ca 2ϩ release. Changes in free cytoplasmic Ca 2ϩ
were measured with the fluorescent indicator Fluo-3/AM (Molecular Probes). For Fluo-3/AM loading, 2 ϫ 10 6 cells were resuspended in DMEM lacking phenol red and containing 5 M Fluo-3/AM, 250 M sulfinpyrazone (Sigma), and 0.02% pluronic F-127 (Sigma). Incubation was performed in the dark at 37°C for 20 min. Cells were then washed with DMEM and split into Costar fluorescent assay microtiter plates at 2.5 ϫ 10 5 cells/well. Ornithine (5 mM) and thapsigargin (100 nM) were added to the cells. Fluorescent was measured (506 nm excitation/526 nm emission) every 5 min using SpectraMax Gemini (Molecular Devices, Inc.). During the entire procedure cells were kept at 37°C. The results are presented as relative fluorescent units (RFU).
RESULTS

Activation of caspases in mouse myeloma cells accumulating excessive amounts of putrescine.
We have used a mouse myeloma cell line termed 653-1, which overproduces ODC due to amplification of an active ODC gene [18] , to explore in detail the mechanism by which excessive intracellular putrescine induces apoptosis. As previously described, the addition of ornithine to the growth medium of these cells results in rapid intracellular accumulation of putrescine that is followed by their apoptotic death [3] . The death of these cells was extremely rapid, reaching 90% mortality by 8 h, whereas the viability of the parental 653 cells was unaffected. We set out to determine whether the apoptotic death of 653-1 cells is accompanied by activation of caspases. One of the most useful markers indicating activation of caspases cascade is the cleavage of PARP, which is one of the substrates of caspase-3 [21] . In order to determine whether PARP is cleaved in 653-1 cells, ornithine (5 mM) was added to their growth medium and the status of the PARP protein was determined in cellular extracts prepared at different times thereafter. As shown in Fig. 1A , treatment with ornithine triggered the cleavage of PARP that had already started after 30 min and was completed by 4 h. Recent studies have demonstrated that the eukaryotic translation initiation factor 4G (eIF4G) is cleaved during apoptosis that is stimulated by antiFas antibodies, cisplatin, and etoposide and by serum deprivation [22] [23] [24] . Using specific anti eIF4GI antibodies we demonstrate that the putrescine-induced apoptosis is also accompanied by cleavage of eIF4G (Fig.  1B) . Caspase-2 is a caspase whose activation occurs early upon treatment of cells with apoptosis-inducing agents. Its activation appears to precede the release of cytochrome c from the mitochondria [25, 26] and the activation of caspase-3 [27] . On the other hand, it was demonstrated that caspase-2 processing, during cell death induced by UV irradiation and TNF-␣ requires caspase-3 [28] . Western blot analysis performed on cellular extracts from 653-1 cells treated with either ornithine or cycloheximide demonstrated that in both cases caspase-2 is also cleaved and therefore activated (Fig. 1C) . The cleavages of caspase-2 ( Fig. 1C) and PARP (Fig.1D ) required ODC activity, as these cleav- The 653-1 cells were treated with DFMO (20 mM) prior to the addition of ornithine (5 mM) to their growth medium. Four hours after the addition of ornithine cellular extracts were prepared and the status of PARP was determined as described in A. (E) Ornithine (5 mM) was added to the growth medium of 653-1 cells that were pretreated for 20 min with the general caspase inhibitor BD-fmk (100 M). Cellular extracts were prepared at the indicated times and fractionated and PARP was detected as described in A.
ages were completely inhibited by pretreatment with DFMO, a specific mechanism-based irreversible inhibitor of ODC. To further confirm the notion that caspases are involved in this process, 653-1 cells were treated with the general caspases inhibitor BD-fmk prior to their exposure to ornithine. Pretreatment with BD-fmk inhibited ornithine dependent PARP cleavage (Fig. 1E ) but did not rescue the cells from their death destiny.
Accumulation of putrescine induces the release of cytochrome c from mitochondria. An early stage in the pathway of caspase-3 activation includes a series of events occurring at the mitochondrial level and resulting in the release of cytochrome c into the cytosol. In the cytosol cytochrome c participates in the activation of caspases as part of a larger protein complex [29] . In order to determine whether putrescine acts upstream or downstream to these mitochondrial events 653-1 cells were treated with ornithine and the subcellular distribution of cytochrome c was determined. As shown in Fig. 2 , ornithine treatment triggered the release of cytochrome c into the cytosol and this release was inhibited by pretreatment with DFMO. It should be noted that cytochrome c was also released after treatment with (CHX (20 g/ml), which as described before also induced apoptosis in 653-1 cells although at a slightly slower rate compared to that provoked by ornithine [3] .
The antioxidant BHA and the intracellular Ca 2ϩ chelator BAPTA/AM inhibit putrescine-induced apoptosis. As mentioned above, an excess of polyamines may lead to oxidative stress and/or to modulation of ion channels such as these of Ca 2ϩ and K ϩ . In addition, elevation of cytoplasmic Ca 2ϩ can lead to the production of reactive oxygen species and vice versa. It was demonstrated that oxidative stress could disrupt calcium homeostasis by promoting membrane lipid peroxidation and covalent modification of transporters [30 -32] . Both oxidative stress and disruption of Ca 2ϩ homeostasis appear to contribute to the apoptotic process (reviewed in [33] ). We have therefore tested two agents, the antioxidant BHA and the intracellular Ca 2ϩ chelator BAPTA/AM, for their ability to inhibit ornithine-provoked apoptosis in 653-1 cells. Treatment of 653-1 cells with both agents prior to the addition of ornithine inhibited PARP cleavage (Fig. 3A) . Interestingly, however, only BAPTA/AM rescued cells from their death destiny as determined by trypan blue staining (Fig.  3B) . Pretreatment with BAPTA/AM increased cell survival from 40 to 80% (Fig. 3B) . Cells viability was not improved by higher concentrations of BHA. We can therefore speculate that although BHA inhibited the route that leads to PARP cleavage, it acted when the putrescine insult was irreversible and the cells proceeded in their death pathway either via a different apoptotic route or via a nonapoptotic pathway. To distinguish between these possibilities we have tested for the formation of a DNA ladder that is one of the typical hallmarks of apoptosis. As previously demonstrated, treatment of 653-1 cells with ornithine resulted in the formation of a typical DNA ladder (Fig. 3C. lane 3) which is inhibited if the cells are pretreated with DFMO ( [3] and Fig. 3C. lane 4) . Pretreatment with BAPTA/AM was as efficient as DFMO pretreatment in inhibiting the formation of the ladder (Fig. 3C, lane 6) . In contrast, pretreatment with BHA exerted only partial inhibition of the ladder formation (Fig. 3C, lane 5) . We can therefore conclude that, at least in part, pretreatment of 653-1 cells with BHA subverted the death mode of these cells from the apoptotic to the nonapoptotic pathway or into a caspase independent apoptotic pathway. In order to understand how BAPTA/AM and BHA interfered with the putrescine-mediated apoptotic process, we decided first to test whether treatment of 653-1 cells with the Ca 2ϩ chelator and with the antioxidant interfered with the uptake of ornithine and with its conversion into putrescine. For this purpose, 653-1 cells were pretreated for 20 min with BAPTA/ AM, BHA, or DFMO before the addition of ornithine for an additional hour. The cells were then harvested and the intracellular level of the polyamines was determined in the resulting cellular extracts. As shown in Fig. 4 , BAPTA/AM and BHA did not affect the uptake of ornithine by 653-1 cells nor its intracellular conversion into putrescine. We therefore conclude that BAPTA/AM and BHA exerted their effects downstream to the accumulation of putrescine.
Previous studies have demonstrated that exogenous putrescine induced transformation of rat ascites hepatoma cells from nonmigratory to migratory cells and that this change in their behavior was preceded by an increase in the level of their intracellular Ca 2ϩ [10] . The effect of the added putrescine was suppressed by ryanodine, a blocker of cyclic ADP-ribose-triggered Ca 2ϩ release from the ER. In contrast, TG, an inhibitor of endoplasmic reticulum Ca 2ϩ -ATPase which blocks the active accumulation of Ca 2ϩ in the ER and as a result causes elevation of free intracellular Ca 2ϩ , mimicked the above-described effect of putrescine. Our present studies reveal that ryanodine does not affect the induction of apoptosis in 653-1 cells by ornithine (data not shown). However, treatment of 653-1 cells with TG triggered cell death that was accompanied by PARP cleavage (Fig. 5A) . The TG-induced PARP cleavage was completely inhibited by BAPTA/AM and partially by the extracellular Ca 2ϩ chelator EGTA and the antioxidant BHA (Fig. 5A) . These results imply that release of Ca 2ϩ from internal stores can trigger apoptosis in 653-1 cells and that this apoptotic mechanism was less sensitive to BHA compared to that provoked by ornithine (compare Figs. 3A and 5A ). The ability of EGTA to partially inhibit PARP cleavage both during TG-and ornithine-induced apoptosis (Figs. 5A and 5B) suggests that external Ca 2ϩ may also play a role in this process. We next set out to test whether accumulation of putrescine in 653-1 cells leads to elevation in free intracellular Ca 2ϩ . For that purpose 653-1 cells were preloaded with the Ca 2ϩ indicator Fluo-3/AM and then treated with ornithine or TG. The concentration of cytoplasmic Ca 2ϩ was monitored by measuring the fluorescence every 5 min. While treatment with TG provoked a rapid and dramatic raise in free cytoplasmic Ca 2ϩ , no elevation of Ca 2ϩ was noted in ornithinetreated cells (Fig, 5C) , although a massive accumulation of putrescine was noted already 15 min following treatment with ornithine. Similar results were obtained using another ODC overproducing cell line derived from the human embryonic kidney HEK293 cells. This cell line (termed 2OD) accumulated putrescine upon exposure to ornithine and underwent apoptotic cell death similar to 653-1 cells but with slower kinetics (not shown). Also in this cell line release of stored Ca 2ϩ was not detected.
The amine oxidase inhibitor aminoguanidine protects the cells from death. BHA acts after oxidative stress has already been generated. To achieve inhibition at an earlier stage of the death process, we tested whether pretreatment with the amine oxidase inhibitor aminoguanidine (AG) will rescue the cells from ornithine-induced death. The 653-1 cells were treated with increasing concentrations of AG prior to their treatment with ornithine. An increase in the concentration of AG in the range of 1-5 mM resulted in increased protection from death as reflected by reduced cleavage of PARP (Fig. 6 ) and cellular morphology. To further test the notion that treatment of cells with ornithine leads to oxidative stress, we preformed a thermochemiluminescence (TCL) measurement (using a TCL analyzer from Lumitest Ltd., Israel) of extract from 653-1 cells treated with or without 5 mM ornithine. TCL measurement reflects the oxidation potential of different molecules that can be oxidized in the tested material [34] . We applied TCL measurements after treating the cells with ornithine and found a 50% increase in the maximal amplitude of photons emission. Such an increase indicates an elevation in the formation of unstable molecules during the TCL test as a result of oxidative stress.
DISCUSSION
We have previously demonstrated that addition of ornithine to the growth medium of the mouse myeloma 653-1 cells that overproduce ODC triggered rapid accumulation of putrescine, which is followed by their apoptotic death [3] . Here we demonstrated that the accumulation of putrescine in 653-1 cells triggered caspase dependent apoptosis, as reflected by the cleavage of caspase-2, release of cytochrome c from mitochondria, and cleavage of the caspase-3 substrates, PARP and eIF4G. We have demonstrated that the intracellular calcium chelator BAPTA/AM rescued ornithine-treated 653-1 cells from their death destiny and inhibited PARP cleavage. On the other hand, the antioxidant BHA inhibited PARP cleavage without affecting cell mortality. In addition, we have demonstrated that although BHA-pretreated cells died with identical kinetics observed in control cells, pretreatment with BHA reduced the formation of a DNA ladder, a typical apoptotic marker. The inhibition of PARP cleavage and DNA ladder formation by BHA together with its inability to rescue the cells from their death destiny suggests that BHA inhibited the standard apoptotic pathway at an irreversible stage of putrescine insult. We assume that the cells might have turned into yet another caspase independent apoptotic pathway or perhaps into a nonapoptotic death pathway. Indeed, several studies have demonstrated that inhibition of caspase activity can trigger a switch from an apoptotic to a nonapoptotic death pathway [35, 36] . The . Cellular polyamines were dansylated and were fractionated on a thin-layer G-50 silica plate using ethyl acetate/ cyclohexane as a solvent system. Dansylated derivatives of ornithine, putrescine, spermidine, and spermine were used as markers. The plate was photographed under UV illumination. (orn, ornithine; put, putrescine; spd, spermidine; spm, spermine).
amine-oxidase inhibitor, aminoguanidine, which acts at an earlier stage than BHA, inhibits both PARP cleavage and cell death. The results obtained with BHA and BAPTA-AM suggested that both calcium and oxidative stress dependent mechanisms may be involved in this putrescine-induced apoptosis. However, since we could not detect the elevation of free cytoplasmic Ca 2ϩ in ornithine-treated cells it is possible that putrescine is a direct inducer of apoptosis and that BAPTA-AM extracted its effect by chelating putrescine. We have challenged the possibility that BAPTA can chelate putrescine by testing its ability to prevent binding of [ 14 C]putrescine to CM Sepharose beads. Our analysis demonstrated that BAPTA can compete with the binding of putrescine only when it is present in 1000-fold molar excess compared to putrescine (not shown). This result implies that BAPTA-AM could chelate putrescine only if it would generate a local concentration that is much higher than that of putrescine. In such a case it is possible that the elevation in the intracellular concentration of putrescine elicited an oxidative stress that provoked cell death. The observation that thapsigargin-induced cell death was less sensitive to BHA than that induced by putrescine (Figs. 3A and 5A) further supports the notion that putrescine triggers apoptosis not by releasing Ca 2ϩ from internal stores. Finally, a significant elevation in electronically excited species in cellular extracts of ornithinetreated cells strongly suggests the generation of oxidative stress in these cells.
